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SUMMARY

A computer program written in FORTRAN has been developed to
calculate the calibration coefficients of a six-component strain gauge
balance. The method of Least Squares is used in the calculation procedures
which do not require the components of the balance to be loaded
independently. The procedures are, in fact, independent of the way the
balance is loaded as long as the supplied load/output data provide sufficient
information for the determination of the coefficients. The program
incorporates several statistical estimations fore the evaluation of the
performance of the calibration process. It can therefore be used as an
experimental tool for the investigation of different loading schemes which
may be used to calibrate a strain gauge balance. . .
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Nomenclature

[A] a matrix derived from the Least Squares criteria, defined by equation (7)

aij coefficient of partial correlation

Ci.j coefficient of calibration

[C], [Cl], [C2 calibration coefficient matrices

[E] a matrix derived from the Least Squares criteria, defined by equation (5)

Hi a component load of strain gauge balance

[H] vector of component loads

[H-] vector of "non-linear" loading terms

N total number of sets of data

Nf degree of freedom in statistical estimates

p index of summation

Ri a component of strain gauge balance output

ri coefficient of multiple correlation

Snli standard deviation of Hi

SRH,i standard error of estimates

Xi a variable in regression equation

ii



1 Introduction

In wind tunnel operations, calibrating a multi-component strain gauge balance is a process
of determining the coefficients of an equation which describes the relationship between the
applied loads and the strain gauge outputs from each component. This involves choosing
an appropriate calibration equation which best describes the behaviour of the particular

balance. The balance is then loaded in a specific manner and the output from each strain
gauge component is noted. A sufficient number of loadings has to be applied to the system,
depending on the complexity of the chosen calibration equation, in order that the coefficients

of the calibration equation may be totally determined.

Ideally, a perfect strain gauge balance would have each strain gauge output correspond-

ing to one and only one load component. However, in a real situation, it is impossible to
completely eliminate interactions from other components. Very often, significant non-linear
interactions (functions of a combination of load components) are present as well as the usual

linear ones (functions of a single load component). For a well designed 6-component balance,
it is usual to express the strain gauge output of the ith balance component (Ri, i 1, ... , 6) as

a second order polynomial function of all the components of the applied load (IHi, j =, ... , 6).
Thus the form of the calibration equation of a 6-component strain gauge balance is

Ri = C~iH 1 + C. 2 H2 + - - - + Ci.6 H 6

+ Ci.I 1 2 + C. 22  ± ... + C,.66 6

+ Ci.12 H 1 H 2 + Ci.13 H1 H3 + "'" + Ci.5 6 H5 116, i 1, ... ,6 (1)

where the C's are the calibration coefficients determined during balance calibration and Hi
are the component loads. The calibration coefficients of each component i may be classified

as follows:

1. "linear", e.g. Ci.j for j = 1, ... ,6;

2. "load squared", e.g. Cijj for j = 1, ... ,6;

3. "load cross product", e.g. Cijk for j = 1,.. .,5, and k (j + 1),...,6.

[owever, due to the difference in characteristics of a strain gauge in tension and in compres-

sion, an odd function representation is more appropriate to describe its behaviour on both
sides of the origin. Hence the load/output relationship of a strain gauge balance may better
be accounted for by the inclusion of the "load cubed" terms in the calibration equation. Thus
the right hand side of equation (1) is modified with the additibn of the terms

3 3 13

Cj. 111H 4- Ci.222 H2  - .. + Ci.I,1t6.

Tie set of six calibration equations for the six comrponents can be represented in matrix form,
witi tie calibration matrix partitioned into "liinear" and "non-linear" sub-mat rices:

? - !C(ll f I( 2U1/j (2)



where [R] is the vector of strain gauge balance component outputs,
[Cl] is the matrix of linear calibration coefficients, Cij,
[C2] is the matrix of non-linear calibration coefficients, Ci.jj, Cijk and Ci.jjj,
[H]j is the vector of component loads, and
[II] is the vector of squares, cross products and cubes of component loads.

The conventional method of calibrating a strain gauge balance of the type given by
equation (2) is to apply pure component loads independently. When a single component
is loaded, the outputs of all components of the strain gauge balance respond to one and
only one load component. The "linear", "load squared" and the "load cubed" coefficients

may hence be determined. The "load cross product" coefficients are found by applying two
pure component loads simultaneously to the balance keeping one load constant at a finite
value while varying the other. This method, although straightforward to use, relies on pure

component loads which rarely represent the real, practical loading situation which the model
encounters. It contravenes the basic principle that the loadings of the balance during the
calibration should be representative of that experienced by the model during wind tunnel
tests.

Theoretically, if the calibration equation describes exactly the relationship between the
applied load and the strain gauge output, the way in which the balance is loaded during
calibration should not affect the outcome of the results. Whether the balance components
are loaded independently or simultaneously, the values of the calibration coefficients should

be the same. However, in reality, the calibration equation given by equation (2) is only an
approximation and does not describe exactly the load/output relationship of a practical strain
gauge balance. The responses of the strain gauge balance components can be quite different
under different loading distributions which causes different deflection characteristics in the
balance. The calibration coefficients thus calculated are dependent of how the balance is
loaded during the calibration.

Ramaswamy et al. [1] proposed a Least Squares (LS) method for the calibration of
wind tunnel balances. This method does not require the balance components to be loaded
independently. In fact, any combination of component loads may be applied simultaneously.
The distributions of loads on the balance during the calibration can be chosen to match as
closely as possible those likely to be experienced by the model during wind tunnel tests. In
addition, there is no restriction of the sequence or pattern in which the loads have to be

applied in order to obtain a particular calibration coefficient. Virtually any random. set of
component loads may be applied to the balance in any sequence provided that all the data
so obtained generate enough independent information for the calculations of the coefficients.
Another advantage of the LS method is that the "linear" and "non-linear" coeflicients can be

determined at the same time. This is because by loading all the components simultaneously,

the "linear" and "non-linear" interactions amnong tlie m()ments are all accomited for in the

data. Less effort will hence be required to calibrate the balance ifmie can desigin an optimuni

lading scheme which would simulate tlie real h(,adiiig situat.i0'i as well as providing the most



information for tile determination of the coeflicients with the least. number of sets of loads.

A major shortcoming of the LS method is that it assumes the independent variables, i.e.
the 1i's in equation (1), are free of noises. in reality, due to certain factors such as friction
or misalignment of the point of application of Ili, even though the same load is applied to
the balance twice, the actual load experienced by the balance may not be exactly the same
in both cases. Nevertheless, the errors arising from the difference between the load applied
and the actual load experienced by the balance are usually insignificant when compared with
the noises in the outputs Ri. Furthermore, for a well designed strain gauge balance, the
noises in Ri are often satisfactorily small such that the LS method can normally be applied
successfully.

This report describes a computer program, SGBCa1ib, which implements the LS method
of determining the coefficients of the calibration equation given by (2). The only inputs to the
program are the sets of applied component loads and the corresponding strain gauge outputs.
If the given data contain sufficient information, the calibration coefficients will be evaluated.
The program also generates useful statistical estimates of how closely the resulting calibration
equation fits the given data. The reliability of the calibration equation is expressed in terms
of the standard error of estimate of the strain gauge outputs for all the six components.
The 95% confidence levels of the "linear" coefficients are also estimated as indications of the
accuracy of the calibration.

Apart from the function of calculating the calibration coefficients from a given set of
data, SGBCa1ib can be used to assist in the investigation of how the balance components
should be loaded so as to yield the most information with the least number of sets of applied
loads and at the same time best simulate the patterns of loading expected in the wind tunnel
testings. It can also be used for studies of whether the errors of a particular strain gauge
output could be reduced by further loadings designed to optimally minimize the uncertainties
in the calibration coefficient.

d Formulations of the Least Squares Method

Given that for a set of component loads, Hi where i = 1, ... , 6, the corresponding strain gauge
balance outputs are Ri. If there are N sets of Hi with N sets of corresponding Rj, denoted
by Hi,p and Ri,, where p 1 l, ... , N, then the calibration coefficients may be found such that

the sum of the squares of tle difference between the measured strain gauge output and that

obtained from the calibration equation is a miiinimum. That is

N

_: [Ci.11lp i Ci.2 l]2,p (." i c,66 6jl , i, , i I, ..., 6
p I

shiouild be a ini. This involves partial differeit iatiig each oif tHie cj wit i respect to each
,)f thre cvoeficieiit s arid equating the result iig expressiollS t.o zero. The result is a set of 33



non-linear simultaneous equations for each component i given as followsl:

[Ci.,lll 1 , .1t2 . . 4 ]Ci. 66 6 H 3 -  li] 1t 1 0

YE [C., 1  .2 2 + C .21 .+ Ci.666 l - Ri] 112 0

S[Ci.,Ill 4- Ci.2 112 - - Ci.6 66113 - Ri] H3 0. (3)

It is more convenient to put equations (3) in matrix form:

[ElC, [A, = A 1, ,6 (4)

where

- H 211 1  Z12H, H2 13(E]=...(5

H 61311, 1 "11 113l1l3

is a 33 x 33 square matrix and is common for all the six components. The two colunu
matrices, [Ci] and [Ail, for the ith component are given by

Ci. I Ill Ri

Ci2 
[Al H 2R.

Ci.666 [7 R

The [Cil's and [Ail's for all the six components may be combined to form two 33 x 6 matricps,
[C] and [A], such that

CIA1 C 2.1 CA

[ lC, .2 C2.2 . C6.2(6

C1 .6 . C6.6(6

III R,, }- III It!., " R,

[ A J I. >> j ! l C ( r )

'lor the sake of clarity, the subscript p for I, ad 1, is,,m ittcd in thet rvnaiuder oftli,. rpirt Vhencer

the souumm1ationl symbol is u1;,ed, it is uldlcrs;tod tlu tie sim iio to I,,- takeu ov,'r 11 I -, N.



The Least Squares criteria can therefore be represented I)y the iatrix equation

IE I[ 1 IAI- (8)

Provided that IE is non-singular, the (oelicient matrix [CJ may he found as

l61 -1 l 'IAI (9))

3 Statistical Estimations

In this section we adopt a few statistics to measure the accuracy and reliability of the cal-
ibration of the balance using the LS method. We seek to determine how well the resulting
calibrating equation describes the relationship between the strain gauge outputs and the ap-
plied component loads. The statistics described below provide us with information on and
measurements of the goodness of fit of the calibration equation, and the uncertainties of the
coefficients determined by the LS method.

3.1 Standard Error of Estimates

The standard error of estimates of the ith component is given by

-HI~ : Z (Ri- R i)2  (10)

N1

where Ri is the measured ith component of the strain gauge balance output.

R, is the corresponding cstinated value using the calibration equation.
N1 is the degree of freedom, which is (N - 33), and
N is the total number of sets of loading cases.

It is a measure of the scatter of the balance outputs about the estimated values. It has
properties analogous to those of the standard deviation, i.e., if N is large enough, there
would be approximately 68%, 95% and 99.7% of the measured R, lies xif 1,;- the b)ounds

!Sllf, 2 ,(nflt. i and 3SllI, rest)ectively from the estimated Ri value.

3.2 Coefficient of Multiple Correlation

The coeflicicit o)f multiple correlation of (le it hi conmp(men , r, is d(clin'e! as

Y-1

V i (: :)

"' U /;, ,') (:, ,)' 51



'nle termi \j( J - I~i,)2 is known as the explained vartation, so called b~ecause It accounts for
the variations (of Ri from the mean) which are explained 1) *y the regression. Z_(R -I -?

is the nne.Tplained varjatiott. It represents the variations which remain u~nexlained after
the regressioni. The coefficient, of multiple correlation shows what fraction otf the overall

variations is accounted for by apl)yinlg the calibratio)n equation. It is therefore a measure
Of the correlation between a balance component output and all of the comp~onent loads. It
shows how wvell the calibration equation describes the relationship b~etweeii the outputs of

the strain gauge balance and the component loads, It is also a iniasure of the closeness of fit

of the calibration equation to the actual mueasured strain gauge balance ouitputs. 'rhe value

of ri lies between 0I aiid 1. The closer it is to I the better is the linear relationship. When
i - I the correlatio~n is called perfect.

3.3 Coefficient of Partial Correlation

TFhe co efficienit of partial correlation measures the linear relat ionsh ip between a comp~onent

of the strain gauge balance output and a single component load while the other component
h )ads are kept constant.

The linear correlation coefficients a 1 2 between two variables N1 and X 2 is given by

(112 N iN X+ W i. -(12)

x2 - (y (ZN) 2  (1N Z X Z 2)2 ]
whiere N is the number of data points, a 1 2 is called the zero order correlation co)efficient. We

can denote the coefficient of partial correlation between A1 and X 2 keeping X 3 constant by
a 1 2.3 (the 1st o)rder correlation coefficient) such that

a 1 2 -. 03a023

a 12.3(13)

Siini lark' thle coefficient of p~art ial correlation be.tween A, and X 2 keeping X 3 anid X 4 constant

miayN he gi veni bY (see for e.g. Spiegel 12])

(111.3.11 (13.4a23 .1 a12.3 0 1
i4_3(

1 24.3 II

The cuefliieeit o)f l);irtial co(rrelat ion bet ween the strain gatige lialance out pri Rj and thle

c(i )liip(ini load 1I1, saY, keeping thle o)t her coinineit lo)ads ci uistalit niav t herefore he de-

tii 1cd by (Ip, 1j.5, where thre niuirierical sublscript s (jil~t th ile ci(lnit)(ulielt loads. and caiu he

ldieed fr iii (qiiat 1)1 (12), (13) and (HI).

Anirdual strain gauge balance wil have perfect liear crli i (a I) het weeri
;m m itu and1 its c44rrespi)litig ,liplieit l aind Armreluii withI the rest o)f thle

41l~i4ii~ilShl(s( (.4 4fliclelits (t hirefere fiiiicatec how fair tie st raili igauge halatiee has fallenl
,,t ft- 0 1 ll ideal behaiviouir



3.4 95% Confidence Interval

'o establish a 95% confidence interval for a calibration coefficient Cij we can construct the

t-distribution statistics:

t ij/ci Nf i -- 1, . .,6, j = 1,...6

where SRIIi s the standard error of estimate of the ith component given in section 3.1,

S1 ,. is the standard deviation of Ht,

Cij is the expected mean of Ci.j

The 95% confidence interval for the coefficient Cij is then given by the expression

to ( ;S)

The percentile values t0.975 for various degree of freedom (N 1 ) may be found in most reference

books in statistics (see e.g. Yamane [3]).

4 The Computer Program SGBCalib

The program SGBCalib was written in FORTRAN and was implemented in DEC' MicroVAX 1

II operating under the VMS1 (Version 4.5) system. The program, however, was not intended

to be VMS-specific, and the language used conforms to the American National Standard

FORTRAN-77 (ANSI X3.9-1978).

4.1 Prograni Variables

Drag measuremcn'.s using wind tunnel force balance usually require high order of accuracy. In

order to maintain data integrity, all the program variables concerned are assigned as "double

precision". Most of the variables were passed between the various subroutines via common

)locks:

/matrixA/, /matrixC/, /matrixE/, /inv/

These common blocks co)ntain thie elements ,f the matrices A-4], [C ",

[F.,I and F' I respectivelY.

/loads/, /readings/

)I(?. MicroVAX and I\' S are re'gistered trai..marks of Digital Ij'g q ni e(nt (Corl ration



They store all the given i~ and Ri dlata inI the 2-D arrays 111 and RR
respectively. The prograin at present allows a maximum of 200 sets of

i~ and Ji values to be p~rocessed. This may be changed if necessary
by altering the dimnensioni of the second subscripts of the statem-ent

double precision HH(6,200), RR(6,200).

The dimension of the second subscript of the variable res(6,200)
in the subroutines Statistics, SumStats and Chart should also be
changed to be the same as those of 1111 and RR.

/Hvector/ This is an array of the 33 HI terms in the calibration equation. That
is, It contains the values of

/residual/ This common block appears in the statistical routines only. It consists
of the residual values of Ri, i.e. (R1 - Ri). The block also contains
the maximum value of the residual, resmax, which is used for scaling
of the chart of the residuals.

/Misc/ This is a miscellaneous block containing the pth set of values of Ri, R~i
and Hi. The mean values of Ri are also included in this block.

/statsvar/ This block contains the variables used for the calculations of the vari-
ous statistical estimates for the calibration. The major variables are:

sRH(i) =Li i 1j j 1
sR(i) = ?

s112(i) = Zii 1
sHH(i,j) = Zi H'i, i, J 1,...6

dRRe2(i) = (Ri 1?)2

dRRi2(i) = ( H ?) 2

dReRm2(i) = j)

4.2 Program Struc-ture

Thie programn is miade up of different, stibrotit tes dlesigniatedI for various specific tasks. The
list inrg of these subrou tintes is gi yen inI Sect o)i 5. ''lhe tasks u nd(ertaken bY thlese sIt brout i ties

iiiav be dividedI lbmadly 61to thre areas:

I . r( )graiii itiputs and (l ut s.



2. Calculations of the matrices [A, [El, [Et-' and [CJ.

3. Estimation of the statistics of the calibration.

Apart from the various subroutines written specifically for the LS method of calculating the
calibration coefficients, there are two main subroutines which are used in matrix operations.
They are the matrix inversion (MatInv) and the matrix multiplication (MatMuit) routines.
For the sake of completion, these subroutines are also listed in Section 5.

4.2.1 Program Inputs and Outputs

The only program inputs are the sets of Hi and Ri values which are read from the data file
SGBIN.DAT. The format of the file is as follows:

1. The first line is empty and is skipped by the program. It may be used for data identi-
fication purpose.

2. The second line contains a row of 6 components of loads, Hi, each of which is separated
from the next value by one or more spaces.

3. The third line is a row of 6 components of strain gauge outputs, Ri, corresponding to
each of the Hi value in the above row.

4. This pattern: an empty line, a row of 6 Hi values followed by a row of 6 corresponding
Ri values, repeats throughout the data file for as many sets of loading as are available.

When the program is executed, all the relevant information and results are written o
an output file SGBOUT. DAT which may subsequently be printed on a line printer. The outpu!
of the program consist of the following:

1. All the values of Hi and Ri provided in the input file.

2. The evaluated calibration coefficient matrix [C] in the form:

C1. C2.1 C3.1 C4.1 C5.1 06.1

CL 2  C2.2 .. . ... .. C6.2

(Y ( C2.11 C6.11

C .5,, ('72.5 . . C6.,

(1166 C2.66 ,.. , (".666mc



3. Statistical estimations which include:

e the standard errors of estimates for each of the component,

@ the coefficients of multiple correlation,

* the coefficients of partial correlation between Rj and each of the component loads,

* the 95% confidence level of the linear coefficients, i.e.

Cl .1  C2.1 C3.1 C4.1 CS.I CC.I
C1.2 C 2.2  . . . . . .  . .... C 6 .2

C1. 6 C2.6 C3.6 C4.6 C5.6 C6.6

4. A table of comparisons of the measured and estimated values of Ri and the residuals.

5. A line printer plot of the residuals of Ri over Ri for each of the 6 components. The
maximum deviation is ±10 characters from the zero marker (the character "!") and is

scaled to be equivalent to the maximum residual value of all 6 components.

4.2.2 Evaluations of the Matrices

As each set of the Hi and Ri values are read from the input file, the "load squares" (H),

"load cubes" (H) and "load cross products" (HiHj, i = 1,...,5 and j = i + 1,...,6) are

evaluated by means of the subroutine ilfactors. The elements forming the matrices [El and

[A] are then calculated and summed in the subroutine SumElements.

After all the Hi and Ri values have been read, [E]- 1 is found using the matrix inversion

routine MatInv. An error flag (designated by the variable error) is used to indicate if an
inverse has successfully been calculated. When error -= 0, the inverse is found and no error

occurs. When error = 2, [E] does not have an inverse and the program terminates with the

message

%%% INVERSE OF [E] DOES NOT EXIST VI*,

appearing on the terminal screen. When [fE[ is found the coefficient matrix [C] is evaluated

according to equation (9) by the matrix multiplication routine MatMult and the elements of
[C] are written to the output file SGBOUT.DAT.

4.2.3 Statistical Estimations

Tle evaluations of the vario)us statistics nent i!(d i4 i Sec t ic 3 are initiated by t lw subroutl ihi

Statistics. Tlie estimated value of I?.i, (hem,)ed as Ro(i ) iii the )rogrami, is calculated

1t)



according to equation (2). B~efore equation (2) can be applied, the coellicient matrix [C] is
transposed and partitioned into a linear matrix [1] and a non-linear matrix [C21. This is
accomplished by the statements

do i 1, 6
do = 1, 6

cl(.i,j) = c(j,i)
end do

do j = 1, 27
c2(i,j) = c(j+6,i)

end do

end do

in the Statistics routine. The subroutine SGBReading then evaluates Re(i) from the data
of Hi according to equation (2) and the various summations required by the statistics are
calculated in the subroutine SumStats.

The various statistics described in Section 3 are designated as

Si) for the standard error of estimates SRtt~i,

cmc(i) for the coefficients of multiple correlation ri, and
cl(i,j) for the 95% confidence levels of the linear coefficients Ci*.

Because of the complexity of the calculations of the coefficients of partial correlation, they
are described in more detail in Section 4.2.4. The calculation of the confidence levels requires
the 0.975 percentile values at various degree of freedom for the t-statistics. These values are
provided as a look-up table in the subroutine Tstats.

A graphical representation of the residuals of Ri over Ii is constructed by the subroutine
Chart. The results for all six components are displayed together across the width of the page.
The zero axes are represented by the character "!". The residuals for components 1 anid 4
are represented by the character "", those for components 2 and 5 by the character "o" and
those for components 3 and 6 by the character "#". The scale of the deviation is based on
the maximum value of the residual (designated by the variable resnax in the program) of all
six components. The value of resmax occupies a space of 10 character on the chart and the
other values of the residual are scaled accordingly.

4.2.4 Evaluation of Coefficient of Partial Correlations

[X)r the sake of clarity, let us consider a single cmlmiircnt of thn strain gauge balance output
I3, say, and seek to determine tihe correla iP c(,elicielt.s betweIn R?3 and each of the cOupt-

rent loads Iti keeplig the o)ther cmillomeile t [(,';ds c<ItIst ant. It is c l(n iuleu it, t1 ln to consider

11



an array Xj, i = 1, 7 such that XI = k 3 , X 2 = 1t1, X:3 112, ..., and X 7 = 1t6. The
coefficients of partial correlation between R3 and each of the H's may therefore be denoted

as

a 1 2 .3 4 5 6 7 , a 1 3 .24567, (714.23567, a15.23467, a 1 6 .2 3 4 5 7 , and al7.23456.

To determine, say, a 1 2.34 56 7 , we may .se the relationship

r a 1 2  .4 5 67 - a 1 3 . 4 5 6 7 a 2 3 .4567 (15)a12.34567 -= (15)7)1

-- 13 4 5 6 7 )(1- £23.4567)

in which the variable X 3 is used as the "mediator". Theoretically, we can use any of the
"kept-constant" variables X 3, X 4, X 5, X 6 and X 7 to be the mediator to calculate a 1 2 .3456 7.

For convenience in programming, we opt for the lowest subscript of the "kept-constant"

variables.

To determine the next lower order correlation coefficient, say, al3.4567 ilt the right hand
side of equation (15), we, therefore use the relationship

a 1 3 .567 - a1 4 .5 6 7 a 3 4 .5 6 7  (16)a13.4567 = -( -a - -- - a ...... )

V(1 14.5 6 7)(1 -a34.,6 7)

in which X 4 is now the mediator. Ultimately, these coefficients are related to the zero order
correlation coefficients a12, a 1 3 , ... , a 2 3 , a 2 4 , ... , a 6 7 where

N E XjXji (E Xj)(E Xj) (7

N X X ( Z X,) ( 2 3)V' -(ZA~)
2 [N X X - (E X,) 2 1 17

In the program, the determination of the coefficients of partial correlation is carried out
by the subroutine PartCorr. The sums YZ X, E X?, and E X¥Xj are mapped into the arrays
sumX(i), sumX2(i), and sumXX(i) respectively. The correlation coefficients are denoted by
the 3-D array corr(m,i,j) in which (m-i) is the order of the correlation, i is the subscript
of the dependent variable Xi and j is that of the independent variable Xj. The values of the
correlation that we are looking for are therefore stored in corr(6, 1, k) , k = 2, ..., 7.

The zero order correlation coefficients are evaluated first and are determined by the

statements

do ml = 1,6

do m2 = (ml+l),7

corr(1,ml,m2) = (N*suunXX(ml,m2)-sumX(ml)*sunX(m2))

* /sqrt((N*sumX2(ml.)-sumX(ml)*sumX(ml))*

* (N*sumX2(m2) -sumX(m2) *sumX (m2)))

end do

end do
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The mediator for the determination of each order of the correlation coelicients is pre-
selected in the subroutine Rank. The "ranking" of the mediator subscript is stored in the

array mediator(m) so that the highest order (i.e. m = 6) would have the lowest subscript in

the range of 2 to 7 excluding the value of k when determining corr (6,1, k). The next highest

order would then have the next lowest subscript and so on. For example, to determine the

coefficient a 1 5 .2 3467 , the "ranking" of the mediator subscripts is

order 2 3 4 5 6

mediator: 7 6 4 3 2

To calculate the 1st order correlation coefficients, the variable with the subscript 7 is to be

the mediator. Hence the coefficients a 1 2.7, a13.7, a14.7, . - ., a 5 6.7 are evaluated.

Because of the symmetrical relationship that corr(m,i,j) = corr(m,j ,i), only the

values of corr(m,i,j) in which i < j are evaluated and used in the calculations.

5 Program Listing

The following pages are a full listing of the program SGBCalib. The program is intended to

be executed interactively on a computer terminal. It may also be submitted as batch job in

most system without any modification.

The program listing is roughly divided into 3 sections:

Main section This section consists of the main routine SGBCalib and the subroutines

SumElements and Hfactors. They are the routines that implement the LS method.

Statistical section This includes the subroutines Statistics, Statslnitialize, SumStats,

SGBReading, PartCorr, Rank, Chart and Resetline and are responsible for the evalu-

ations of the statistical variables.

Matrix Operations The matrix inversion Matlnv and matrix multiplication MatMult rou-

tines are included for the sake of completion of the program listing. There are other

minor subroutines following Matlnv and are called by Matlnv only.



Program SGBCalib

Strain Gauge Balance Calibration using Least Squares Method

Given a set of S.G.B. readings, R(i), from a set of

known loadings, 11(i), the matrices [E] and [A] are formed.

The coefficient matrix, [C]i, is obtained according to

the equation

[C] =[Einv] [A]

Written by S. Lam - 31 March 1988

Associated routines:- Hfactors(H)

SuinElements(R)
I Statistics (N)

Hf actors (H)

Matlnv(dim, E, Einv, error)

MatI'ult(C1 ,m,n,C2,n,k,C3,error)

-------- --------------------------------------------------I

double precision E(33,33) ,Einv(33,33) ,A(33,6) ,C(33,6)

double precision H(6) ,R(6) ,Hstar(27) ,Rm(6)

double precision suisR(6) ,HH(6,200) ,RR(6,200)

integer error, Hsubscript(33)

common /inv/Einv /matrixE/E /matrixA/A /Hvector/H,Hstar

common /matrixC/C /loads/HH /readings/RR /misc/Rn

data Hsubscript/1,2 ,3,4,5,6,11,22,33,44,55,66,12,13,14,15,16,

* 23,24,25,26,34,35,36,45,46,56,111,222,333,444,555,666/

C------------------------------------------------------------------

C Files for I/0:-

C SGBIN.DAT = file containing sets of HMi and R(i) for

C data input

C SGBOUT.DAT = file for output of results

C------------------------------------------------------------------

open(unit=3, file='SGBIN.DAT', status'lold')

open(unit=4, file='SGBOUT.DAT', status'lnew')

C-----------------------------------------

C Print Headings of the program outputs

C-----------------------------------------

write(4, 10)

10 format(/,' STRAIN GAUGE BALANCE CALIBRATION USING LEAST'

* 'SQUARES METHOD'/'---------------------------------------
-------------------- I/P The Supplied Component Loads'

* 'and Strain Gauge Bridge Readings:-'!)



write(4,15) (i, i=1,6), (j, j=1,6)

15 format(6(5x,'H',il,3x),6(5x,'R',il,3x))

C---------------------------------------

C Initialize the [E] and [A] matrices

C---------------------------------------

N= 0
do n_row = 1,33

do n col = 1,33

E(n-row,n-col) = 0.0

end do

end do

do n-col = 1,6

do n row = 1,33

A(n-row,n-col) = 0.0

end do

sumRi) = 0.0

end do

C- ------------------------------------------

C Input data :- H(i) = SGB readings vector

C R(i) = Load vector

C- ------------------------------------------

20 read(3,*,end=50)

read(3,*,end=50) (H(i),i=1,6)

read(3,*,end=50) (R(i),1=1,6)

write(4,30) (H(i),i=1,6), (R(i),i=1,6)

30 format(12(x,f9.5))
N=N+I

do i = 1,6

sureR(i) = sumR(i) + R(i)

C--------------------------------------------------------------------

C Store the original H(i) and R(i) values for later computations

C--------------------------------------------------------------------

HH(i,N) = H(i)

RR(i,N) = Ri)

end do

C- ------------------------------------------------------------------

C Evaluate the Least Squares elements for the [E] and [A] matrices

C- ------------------------------------------------------------------

call Hfactors(H)

call SumElements(R)

go to 20

50 continue
write(4,60) N

60 format(' Number of sets of loading = ',13,/)
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C --- - - - - - - - - - - - -

C Evaluate the inverse of [E]

C--------------------------------

call Matlnv(33, E, Einv, error)

if (erro .gt. 0) go to 80 !1 No inverse}
C---------------------------------------------------

C Evaluate the coefficient matrix [C] = [Einv] [A]

C---------------------------------------------------

call MatMult(Einv,33 ,33 ,A,33 ,6 ,Clerror)

write(4,70) (i, i=1,6)

70 format(1Hl,/,' The calibration coefficient matrix [C] :'/

*4x, ' H' 's',6(7x, 'C',il, '-' ,4x))

do i =1,33

write(4,100) Hsubscript(i), (C(i,j), j=1,6)

end do

do i = 1,6

Rm(i) = sumR(i)/float(N) !f mean values of R(i)

end do

- call Statistics(N)

go to 110

80 write(*,90)

90 format(/' %%%. INVERSE OF [E] DOES NOT EXIST %..'W)
100 format(4x,i3,6(2x,f12.7))

110 close(4

end



Subroutine SumElements(R)

C--------------------------------------------------

C Evaluate the sums which make up the elements

C in the [E] and [A] matrices

C---------------------------------------------------

double precision A(33,6), E(33,33), Hfactor(33), R(6)

common /matrixE/E /matrixA/A /inv/Einv /Hvector/Hfactor

integer row, col

do row =1,33

do col =1,33

E(row,col) E(row,col) + Hfactor(row)*Hfactor(col)

end do

end do

do col =1,6

do ow = 1,33

A(row,col) =A(row,col) + R(col)*Hfactor(row)

end do

end do

return

end
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Subroutine 1Hfactors(I)

C --- - - - - - - - - - - - - - - - - - -

C Calculate the non-linear load factors

C-------------------------------------------

double precision 11(6), Hfactor(33)

common /Hvector/Hfactor

do i =1,6

Hfactor(i) = HM(i !f linear I

Hfactor(i+6) H(i)*H(i) !f squared I
Hfactor(i-27) H(i)*H(i)*H(i) !f cubed I

end do

i = 13

do j 1,5

do k =(j+l),6

Hfactor(i) =H(j)*H(k) !fcross product}

i = i+1

end do

end do

return

end



Subroutine Statistics(N)

C------------------------------------------------------------------

C This subroutine evaluates the various statistics relating to
C the R(i) values as estimated by the calibration equation

C

C Input: N = number of sets of loading

C
C Associate routines :- SusiStats(j)

C StatsInitialize

C SGBReading(C1,C2,Re,H,error)

C Tstats(ndf,t)

C PartCorr(N,i,cpc)

C Chart(scale,N)

C------------------------------------------------------------------

double precision C(33,6),C1(6,6),C2(6,27),R(6),H(6),Re(6),Rm(6)

double precision IIH(6,200) ,RR(6,200)
double precision sumRH(6,6),sumR(6),suiH(6),sunR2(6),sUniH2(6)

double precision suxHH(7,7),Se(6),SdR(6),SdHI(6),cmc(6),cl(6,6)

double precision cpc(6,6),dRRm2(6),dReRm2(6),dRRe2(6),res(6,200)

common /Sums/sumRH,sumR,sumH,sumR2,suml2,sumHH,

* dRRe2 ,dReRm2 ,dRRm2

common /loads/HH /readings/RR /misc/Rm,R,Re,H

common /residual/res ,resmax /matrixC/C

parameter (nv=33) !f no. of variables I

resmax =1.0e-20 !f maximum res (residual) for chart scaling}
call StatsInitialize !f Initialize the variables to zero I

C---------------------------------------------

C Break up the coefficient matrix into

C linear (CO) and non-linear (C2) matrices

C-------------- ------------------------------

do 1 1, 6

do j =1,6

CI(i,j) = C(j,i)
end do

do j = 1,27

C2(i,j) =C(j+6,i)

cud do

enid do

C Restore the original HMi and RMi values for computations

------------------- ------------------------------------------
(10 j 1, 11

do i 1 I, 6

1i( i ) - 1111o , j
Rhi) RR(i,.j)

('1d d"



C

C Estimate the values of R, Re(i), from the coefficients matrices

C C1 and C2, and evaluate the various sums for statistical calculations

C- -----------------------------------------------------------------------

call SGBReading(CI,C2,Re,H,error)

call SumStats(j)

C- -------------------------------------------------------

C Use HH(i,j) as storage for Re(i) for later print-outs

C- -------------------------------------------------------

do i = 1, 6
1HH(i,j) = Re(i)

end do

end do

20 ndf = float(N-nv) '{ degree of freedom }
if (N .le. nv) ndf = 1

fN - fioat(K)

call Tstats(ndf,t) !{ find the t-statistics }

C- -----------------------------------------------------------

C Evaluate the statistics

C Se(i) r standard error of estimates

C SdR(i) standard deviation of R(i)

C Sdf(i) standard deviation of 11(i)

C cmc(i) z coefficient of multiple correlation

C cpc(ij) = coefficient of partial correlation

C cl(ij) = 95% confidence level of the linear coefficients

C- ------------------------------------------------------------

do i = 1,6

Se(i) r sqrt(dRRe2(i)/ndf)

SdR(i) r sqrt(dRRm2(i)/ndf)

SdH(i) sqrt((sumH2(i)-sumH(i)*sumH(i)/fN)/ndf)

cmc(i) sqrt(dReRm2(i)/(dRRe2(i)+dReRm2(i)))

call PartCorr(N,i,cpc)

end do

do j = 1,6

do i = 1,6

cl(i,j) z t/sqrt(float(ndf))*Se(i)/SdH(j)

end do

end do

C . . . . . . . . .. . . . . . . . . . . . . . .. . . . . .. . . . . .

C Write the rcsults to the output file

write(.1,30)

write(4,110) (i, i-l,6)

write(.t,60) (Se(i), i-s,Cj)

30 foimat(lt1,///,' Standard error:- , . . it

;ri t ",, 4 '0)

,,r i t . ,110 (i, i -1,6)



write(4,60) (cmc(i), i=1,6)

40 format(///,' Coefficients of multiple correlation:-'/)

write(4 ,SO)

write(4,120) (i, i=1,6)

50 format(///,' Coefficients of partial correlation;-'/)

do j = 1, 6

write(4,65) j, (cpc(i,j), i =1,6)

end do

60 format(6(2x,fll.S))

65 format(3x,'H',il,6(2x,f1l.S))

70 format(/// )57. confidence level of the linear coeff. :-'/I
*2x,r _)x,'C',iI,I-',4x))

do j =1, 6
write(4,80) Ccl(i,j), i =1,6)

end do

80 format(6(2x,flO.7))

C---------------------------------------------------------------

C Print out the measured ,estimated and the reciduals of R(i)

C---------------------------------------------------------------

write(4,90) (i, i=1,6)

90 format(lff1,' Table of residuals:-',,

*6(8x,'R',i1,llx)/6(' meas. est. res.

do j =1, N
write(4,100) (RR(i,j),HH(i,j),res~i,j), i=1,6)

100 format(5(2(x,fS.3),x,f6.4,x,'I'),2(x,f5.3),x,f6.4)

end do

110 format(3x,6(6x,'R',il,5x))

120 format(8x,6(6x,'R',i1,5x))

C-----------------------------------

C Construct the chart of residuals

C-----------------------------------

scale = 10.0/resmax

call Chart(scale,N)

return

end



Subroutine Statslnitialize

C- -------------------------------------------------------------

C Initializes the variables of the Statistics routine to zero

C- -------------------------------------------------------------

double precision sumRH(6,6),sumR(6),sumH(6),sumR2(6),sumH2(6)

double precision sumHH(7,7),dRRe2(6),dRRm2(6),dReRm2(6)

common /Sums/sumRH,sumR,sumH,sum2,sumH2,sumHH,
* dRRe2, dReRm2, dRRm2

do i = 1, 6
do j = 1,6

sumRH(j,i) = 0.0
sumHH(j+l,i+l) 0.0

end do

dRRe2(i) = 0.0

dReRm2(i) = 0.0

dRRm2(i) = 0.0

sumR(i) = 0.0

sumH(i) = 0.0

sumR2(i) = 0.0
sumH2(i) = 0.0

end do

return

end
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Subroutine SGBReading(CI ,C2,R,11,error)

C---------------------------------------------------------------------

C This subroutine evaluates the six components of Strain Gauge

C Balance Readings CR) from the six components of Loads (H.

C

C Input: C1,C2 - linear and non-linear coefficient matrices

C Output: R (the SGB Reaings vector)

C Error: if error > 0, an error has occurred

C

C Associate routines:- Hfactors(H)

C Mat~ult(Ci ,m,n,C2,n,k,C3 ,error)

C---------------------------------------------------------------------

double precision Cl(6,6) ,C2(6,27) ,X(6) ,R(6) ,H(6) .Hstar(27)

integer error

common /Hvector/X,Hstar

call ilfactors (H)

C--------------------------------------------

C Perform the matrix multipications:

C (Cc] [H] and [C21 [H*]
C--------------------------------------------

Call MatMult(Cl,6,6 ,H,6,1,R ,error)

if (error .gt. 0) return

Call MatMult(C2,6,27,Hstar,27,1,X,error)

if (error .gt. 0) return

do i =1,6

R(i) =R(i) + X(i)

end do

return

end
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Subroutine SumStats Ci)
C -- - - - - - - - - - - - - - - - - - - - - - - - -

C Evaluate the sums for the statistical estimations

C------------------------------------------------------

double precision suxRH(6,6),sumR(6),surH(6),sumR2(6),sumH2(6)

double precision sumlH(7,7),res(6,200),dRRe2(6),dRRm2(6),dReRm2(6)

double precision H(6) ,R(6) ,Re(6) ,Rm(6)

common /Sums/sumRll,sumR,sumH,sumR2 ,sumH2 ,sumHH,

* dRRe2 ,dReRm2 ,dRRm2

common /misc/Rm,R,Re,H /residual/res ,resmax

do i = 1,6

res(i~j) =R(i)-Re(i)

if (abs(res~i,j)) .gt. resmax) resmax =abs(res~i,j))

dRRe2(i) =dRRe2(i) + res(i,j)**2

dRRm2(i) =dRRm2(i) + (R(i)-Rm(i))**2

dReRm2(i) = dReRm2(i) + (Re(i)-Rm(i))**2

sumR(i) = sumR(i) + RMi

sumIl~i) =sumH(i) + H1(i)

sumR2(i) = sumR2(i) + R(i)*R(i)

sumll2(i) =sumfl2(i) + H(i)*H~i)

do m = 1,6

sumRH(i,m) = suniRH(i,m) + R(i)*H(m)

suznfll(i+1,m+i) =sumHll(i+l,m+I) + H(i)*H(m)

end do

end do

return

end



Subroutine Tstats(ndf,t)

C- ------------------------------------------------------

C Estimate the t-statistics from the degree of freedom

C- ------------------------------------------------------

dimension tdf(30)

data tdf/12.706,4.303,3.182,2.776,2.571,2.447,2.365,2.306,
* 2.262,2.228,2.201,2.179,2.160,2.145,2.131,2.120,

* 2.110,2.101,2.093,2.086,2.080,2.074,2.069,2.064,

* 2.060,2.056,2.052,2.048,2.045,2.042/

if (ndf .le. 30) then

t = tdf(ndf)

else if (ndf .le. 40) then

t = tdf(30)-0.021*float((ndf-30)/10)

else if (ndf .le. 60) then

t = 2.021-0.021*float((ndf-40)/10)

else if (ndf .le. 120) then

t = 2.000-0.020*float((ndf-60)/10)

else

t =1.96

end if

return

end
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Subroutine PartCorr(N,iR,cpc)

C- ------------------------------------------------------------------

C Subroutine to evaluate the coefficients of partial correlation

C

C Inputs:- N = total number of sets of data

C iR = the subscript of R whose coeff. of part. corr.

C are to be evaluated

C Outputs:- cpc = arrays containing the coeff. of part. corr.

C

C Cautions:- Errors may occur if, during the evaluation process,

C the values of certain correlation coefficients are

C close to 1.

C

C Associated routine :- Rank(m,n)

C- ------------------------------------------------------------------

double precision sumRH(6,6),sumR(6),sumH(6),sumR2(6),sumH2(6)

double precision sumXX(7,7),sumX(7),sumX2(7)

double precision corr(6,6,7),cpc(6,6),a,b,c

integer mediator(6), order

common /Sums/sumRH, sumR,sumH, sumR2,sumH2,sumXX

C- -------------------------------------------------------

C Map the sums of R(iR) and H(i) into the array sumX(j)

C the sums of squares into the array sumX2(j), and

C the sums of cross products into sumXX(j,k)

C- -------------------------------------------------------

sumX(1) sumR(iR)

sumX2(1) = sumR2(iR)

do j = 2,7

sumX(j) sumH(j-1)

sumX2(j) = sumH2(j-1)

suimXX(1,j) = sumRH(iR,j-1)

end do

C- --------------------------------------------------------------------

C Evaluate the zero order (order = 1) correlation coefficients first

C- --------------------------------------------------------------------

do ml = 1,6

do m2 = (ml+l),7
corr(l,ml,m2) = (N*sumXX(ml,m2)-sumX(ml)*sumX(m2))

* /sqrt((N*sumX2(ml)-sumX(ml)*sumX(mI))*

* (N*sumX2(m2)-sumX(m2)*sumX(m2)))

end do

end do
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C -

C Start evaluating higher order correlation coefficients

C- --------------------------------------------------------

do i = 2,7 !{ i = component subscript }
call rank(i,mediator)

do order = 2,6 !{ order of correlation coefficient }
med = mediator(order) !{ subscript of the mediator }
do n1 = l,(med-l) !{ subscript of the 1st variable }

do n2 = (nl+l),7 !{ subscript of the 2nd variable }
if ((n2 .At. med) .or. (n2 .eq. i)) then

a = corr(order-l,nl,n2)

b = corr(order-l,nl,med)

c = corr(order-l,n2,med)

if (n2 .gt. med) c = corr(order-l,med,n2)

C- -----------------------------------------------------------------

C To prevent negative sqrt argument and also divide by zero errors

C the correlation coefficient is set slightly less than 1 if

C either b or c >= 1.

C- -----------------------------------------------------------------

if (b .ge. 1.0) b = 0.999999
if (c .ge. 1.0) c = 0.999999
corr(order,nl,n2) = (a-b*c)/sqrt((1.0-b*b)*(1.0-c*c))

end if

end do !{ end of n2 loop }
end do !{ end of n1 loop }

end do !{ end of order loop }
end do !{ end of i loop }
do k =1,6

cpc(iR,k) corr(6,1,k+l)

end do

return

end
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Subroutine Rank(n,med)

C----------------------------------------------------------------------

C Rank the subscripts of the mediator from 7 down to 2 excluding n

C----------------------------------------------------------------------

integer med(6)

med(2) = 7

if (n .eq. 7) med(2) med(2)-l

do i = 3,6

med(i) = med(i-1)-1

if (med(i) .eq. n) med(i) zned(i) - I

end do

return

end
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Subroutine Chart(scalc ,N)

C---------------------------------------------------------------------

C Construct and print the chart of the residuals of the difference

C between the estimated and measured values of R(i)

C

C Inputs:- scale =lO/resmax

C N = no. of sets of data

C Outputs:- line printer plot of the chart of residuals written

C to logical unit number 4

C

C Associate routine :-Resetljne(line)

C---------------------------------------------------------------------

double precision res(6,200)

character line(131), symbol(6)

data symboll'*','o)' ,),),#/

common /residual/res ,resmax

write(4,S) resmax, (i, i=1,6)

5 format(1H1,' Deviations of the measured R''s from'

I the estimated R''s'/,' Maximum deviation = el.,/

* 6(l0x,'R',il,iOx))

do i = 1,N

call resetline(line) !f clear the line of characters}

do j = 1,6

index = res(j,i)*scale

index =index + (j-i)*22 + 11

line(index) = symbol(j)

end do

write(4,15) (line(k), k=1,131)

15 format(131al)

end do

ret urn

end
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Subroutine Resetline~line)

C-----------------------------------------------------

C Clears a line of character to contain spaces and

C the zero marker '! only

C - Called by the subroutine Chart

C-----------------------------------------------------

character line(131)

do i=1, 131

line(i)

end do

do i = 11,131,22

line(i) = 1!

end do

return

end



Subroutine MatMult(ml,rowl,coll,m2,row2,col2,product,error)

C ------------------------------------------------------------------

C Matrix multipication routine

C

C Input: ml, m2 (the first and second matrices)

C rowi, coil, row2, col2 (dimensions of the two matrices)

C Output: product, error

C

C Error: 0 - successful operation

C 1 - the column of the first matrix does not match that of
C the second

C- ------------------------------------------------------------------

integer rowl, row2, coil, coi2, error

double precision ml(rowl,coll),m2(row2,col2),product(rowl,col2)

if (coll - row2) 10, 20, 10

C- -----------------------------------------------------------------

C No. of columns in ml does not match that in m2 - no operation

C- -----------------------------------------------------------------

10 error = 1

return

C--------------------------------------

C Perform the Matrix Multipications

C--------------------------------------

20 do i = 1, rowl

do j = 1, co12

product(i,j) = 0.0

do k = 1, coll
product(i,j) = product(i,j) + ml(ik)*m2(k,j)

end do

end do

end do

error = 0

return

end
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Subroutine Matlnv(dimen, matrix, inverse, error)

C-------------------------------------------------------------I

C Purpose :To calculate the inverse of a matrix

C with Gauss-Jordan elimination.

C

C Input dimen, matrix

C Output :inverse, error

C

C Remarks :The original matrix will be changed to

C an identity matrix.

C

C Error code :0- no error

C 1 - dimension of matrix < 1

C 2 - no inverse exists

C

C Written by :S .Lam

C Date :2 March 1988

C-------------------------------------------------------------

integer dimen, error, row, ref-row, term

double precision matrix(dimen,dimen) ,inverse(diment,dimen)

double precision almostzero/l.Oe-20/, multiplier

common /zero/almostzero

call Initial(dimen, matrix, inverse, error)

if (dimen .le. 1) return

ref-row = 0

do while ((error .eq. 0) .and. (ref _row .lt. dimen))

ref-row =ref-row + 1

C---------------------------------------------------

C Check to see if the diagonal element is zero

C---------------------------------------------------

if (abs(matrix(ref _row ref _row)) Ilt. almostzero)

+ call Pivot(dimen, ref-row, matrix, inverse, error)

if (error) 30, 20, 30

C-----------------------------------------------------

C If error = 0 , carry out the inverse operation

C - - - - - - - - - - - - - - - - - - - - - - - - -

20 divisor = matrix(ref-row,ref-row)

do term =1, dimen

matrix(refrow,term) =matrix(ref-_row term)/divisor

inverse(refrow,term) inverse(refrow,term)/divisor

end do



do row = 1, dimen

C -

C Make the ref row element of this row zero

C---------------------------------------------

if ((row .ne. ref-row) .and.
+ (abs(matrix(row,refrow)) .gt. a'mostzero)) then

multiplier = -matrix(row,refrow)/matrix(ref-row,ref-row)

do term = 1, dimen

matrix(row,term) = matrix(row,term) + multiplier*
+ matrix(ref-row,term)

inverse(row,term) = inverse(row,term) + multiplier*
+ inverse(ref-row,term)

end do

end if

end do

C-------------------------------------------

C If error <> 0, terminate operation

C-------------------------------------------
30 end do !{ end of do while loop I

return

end
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Subroutine Initial(dimen, matrix, inverse, error)

C- ---------------------------------------------------------

C This subroutine tests for errors in the value of dimen

C

C Input: dimen, matrix

C Output: inverse, error

C-------------------------------------------------------------I

integer dimen, error, row, col

double precision matrix(dimen,dimen), inverse(dimen,dimen)

double precision almostzero

common /zero/almostzero

error = 0

if (dimen - 1) 10, 20, 30

C---------------------------

C Case dimen < 1, error

C---------------------------

10 error = 1

return

C-------------------------------------------

C Case dimen = 1, single element matrix

C-------------------------------------------

20 continue

if (abs(matrix(l,l)) .lt. almostzero) then

error = 2 !{ singular matrix }
else

inverse(l,l) = 1.O/matrix(1,i)

end if

return

C- --------------------------------------------------------------

C Case dimen > 1, make the inverse-to-be an identity matrix

C- --------------------------------------------------------------

30 do col = 1, dimen

do row = 1, dimen

if (col .eq. row) then

inverse(row, col) = 1.0

else

inverse(row, col) = 0.0

end if

end do

end do

return

end



Subroutine Pivot(dimen, refrow, matrix, inverse, error)

C- ----------------------------------------------------------------------

C This subroutine searches the ref-row column of the given matrix

C for the first non-zero element below the diagonal. If it finds

C one, then the subroutine switches rows so that the non-zero element

C is on the diagonal. This same operation is applied to the inverse

C matrix. If no non-zero element exists in a column, the matrix is

C singula- and no inverse exists.

C

C Input: dimen, refrow, matrix, inverse

C Output : matrix, inverse, error

C - ---------------------------------------------------------------------

integer dimen, error, new-row

double precision matrix(dimen,dimen), inverse(dimen,dimen)

double precision almostzero

common /zero/almostzero

error = 2 !{ No inverse exists }
new-row = refrow

C -----------------------------------------------------

C Try to find a row with a non-zero diagonal element

C- -----------------------------------------------------

do while ((error .gt. 0) .and. (new-row .1t. dimen))

newrow = newrow + 1
if (abs(matrix(newrow,reftrow)) .gt. almostzero) then

C- --------------------------------------------------

C Switch rows between the newrow and the ref-row

C- --------------------------------------------------

call Switchftow(matrix, dimen, new row, refrow)

call SwitchRow(inverse, dimen, new-row, ref-row)

error = 0
end if

end do !{ While }
return

end
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Subroutine SwitchRow(matrix, dimen, rowi, row2)

C-------------------------------------------------------------------I

C This subroutine switches the rows specified by rowi a-nd row2

C of the given matrix.

C
C Input: matrix, dimen, rowi, row2

C Output: matrix

C-------------------------------------------------------------------I

integer dimen, rowi, row2, term

double precision matrix(dimen,dimen), dummy

do term 1 , dimen

dummy zmatrix(rowl,term)

matrix(rowl,term) =matrix(row2,term)

matrix(row2,term) = dummy

end do

return

end



6 Example

As a demonstration of the functions of the program SGBCalib, a "numerical" calibration

was carried out using an "artificial" balance whose calibration coefficient matrix is given as

follows:
1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 l
0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

[j] 0 0 0 0 0 0 (18)

0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0 (
0/ 0 0 0I 0 0/

0) 0) 0 0 0 0)
0 0 0 0 0 0
0 0 0 0) 0 0

( 0 0 0 0 0

TIiis rl)rescits a )(rf'cily linear balancc with no, it, eracti,,ns hetweel I lic cnilponc t s. It is

all ideal balance which, ()f course, is l)ractic;Iv irNilt ssille to at i i. Neverttieless. it serves

the l)urpose of a simple illustratim (of th(, cii a ili'i es )F ilie calilir ii n prngri r .i
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A number of sets of randomly generated component loads Ifl, (ranged from 0 to 2
units) were used, in conjunction with the coeflicient matrix [C] of equation ( 18), to produce a
number of corresponding sets of strain gauge balance outputs Ri according to the relationship
described by equation (2). The resulting Ri values were multiplied by a random factor in

the range of ±-0.002 to simulate a random noise level of :±0.2% on the strain gauge balance
outputs. The sets of Hi and noise inflicted Ri values were written to the input file SGBIN. DAT
according to the format described in Section 4.2.1. The program was then executed to
evaluate the elements of [C] from these sets of Hi and Ri values. The outputs of the program
are shown in page 39 through to page 43.

Examination of the results shows that the maximum deviation of the estimated calibra-
tion coefficients is approximately 1% from the "true" values. This is hardly acceptable in
the high precision work that a strain gauge balance is expected to operate. The inaccurate

estimation of the coefficients in this particular case is because not all of the randomly applied
component loads necessarily give useful independent information for the evaluation of the
coefficients. The ±0.2% random noise level further distorts this information from accurately
determining the coefficients. The accuracy, however, could be improved if a larger number of
sets of loadings is used. Pages 44 and 45 are an abstract of the outputs from a sinilar test run
except that 100 sets of random loadings were used for the "calibration". The results showed
considerable improvement in the accuracies of estimation of the calibration coefficients.

On the other hand, the correlation coefficients show perfect multiple correlations between
the strain gauge balance outputs and the six component loads. There is also perfect linear
relationship between each of the Ri and its corresponding Hi. These are to be expected
because the Ri values were derived from exactly the same relationship as the regression

equation.
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